Recently, the conjunction of disciplines such as developmental biology and proteomics enabled the dissection of diverse cellular processes, by analysis of their transcriptional regulatory pathways. In particular, it has been shown that transcription factor interactions play critical roles in the development of many complex traits and control cellular phenotypic plasticity, whereas protein phosphorylation modifications regulate protein activity at the posttranslational level. The present work posits that protein-protein interactions by functional motifs, as well as the phosphorylation state in these sites, are fundamental plant biological phenotype determinants, whose elucidation and understanding will allow manipulation of complex traits, thereby contributing to the design of novel methodologies for molecular breeders and plant physiologists.
Introduction
Over the past decade, plant biologists and molecular breeders have developed a growing interest in recognizing developmental pathways for traits of agronomic importance, thereby the regulatory TCP and GRAS Transcription Factors (TFs) pathways were known for playing central roles. Members of TEOSINTE BRANCHED1, CYCLOIDEA and PCF (TCP) factors play diverse roles in plant growth and development [1] as, for example, the apical dominance. Moreover, the GRAS family is named after the first three members to be characterized: GIBBERELLIC ACID INSENSITIVE (GAI), REPRESSOR of GAI (RGA) and SCARECROW (SCR), and it is also plays important regulatory roles, such as signal transduction or meristem maintenance [2] . Phylogenetic analysis revealed that the GRAS family could be divided into at least 13 subfamilies [3] , of which DELLA has attracted particular attention because of (1) its evolutionary conserved domain (DELLA), subject to a higher selective constraint [4] , and (2) the ability to repress the activity of gibberellins (GA) in the nucleus, thereby restraining plant growth [2] .
Like TCP and GRAS, the MADS-box is another TF family that has recently received much attention from molecular breeders, as it also is involved in important plant developmental processes, especially during very early stages, such as the formation of the embryo sac. Walia et al. [5] showed that the absence of a functional copy of the pheres1 (phe1) MADS-box enhanced 5-to 11-fold the expression of its close homolog pheres2 (phe2), and endosperm-specific overexpression of PHERES2 resulted in an increase of seed size [6] . Based on protein-protein interactions (PPIs), Bouariky [6] suggested that the MADS-box TFs play important roles in early seed development, thus providing a route to the improvement of crop yield by manipulating the expression of these proteins. Rather than directly bind to DNA, diverse types of transcriptional factors can regulate target genes via PPIs, a mechanism well-known both in plants and in other organisms [7] [8] [9] [10] [11] .
The role of protein interactions in transcriptional pathways
PPI is a critical mechanism by which TCP, DELLA and MADS-box factors can regulate gene (genome) expression. TCP factors are characterized by a basic helix À loop À helix (bHLH) DNA binding domain whose amphipathic helices can mediate protein interactions through their hydrophobic surfaces. It would be similar to the proposed role of the amphiphilic helix (K domain) of Type II MADS-box factors [1] . Davière et al. [12] showed in Arabidopsis that DELLA proteins can regulate some aspects of GA responses through PPIs with TCP factors, concluding that GA-regulated DELLA-TCP interactions in inflorescence shoot apex provide a novel mechanism to control plant height in response to changing environments. Interestingly, Lewis et al. [13] revealed that overexpression of the maize TCP teosinte branched 1 (tb1) major gene in wheat reduces the plant height, suggesting therefore a link between this master regulator of maize development and the plant architecture of the transgenic wheat lines, which is controlled by DELLA proteins in normal (non-transgenic) plants. By PPIs, TCP transcriptional regulators control complex gene networks that also include the microRNA (miRNA) pathway, one of the main epigenetic regulatory mechanisms that involve non-coding RNAs to regulate the expression levels of many genes. In the mechanism proposed by Rubio-Somoza et al. [14] , miR319-regulated TCP factors prevent the formation of functional protein complexes in early leaves, which therefore lack serrated leaves or leaflets, and thus underscoring the importance of protein interactions in plant architecture. Likewise, DELLA and MADS-box factors play a critical role in the regulation of gene expression and plant development by controlling protein interactions. Using yeast hybrid screenings, Yoshida et al. [15] identified five members of INDETERMINATE DOMAIN (IDD) family which bind physically to DELLA, suggesting that DELLA utilize these IDD factors as scaffolds for DNA binding. In tomato, the SEPALLATA MADS-box protein SLMBP21 acts as a transcriptional activator by the formation of a complex that consists of other members of this family, which affects formation of the flower abscission zone, one of the most important agronomic traits for this crop [16] .
Protein conserved motifs: functional sites for protein interactions
Many proteins are classified into a family based on the identification of an evolutionarily conserved domain that can be found in unrelated proteins, but where the overall domain architecture under consideration remains essentially the same. This is the case of MADS-box proteins. Although the MADS-box family is structurally diverse, it has a well-characterized DNA-binding domain (M-domain) which provides the basis for its further classification in two types of transcriptional regulators (I and II) [17] . While the role and function of Type I MADS-box genes are quite undefined, it is known that Type II MADS-box genes evolved from Type I [17, 18] . Moreover, it has been suggested that Type I MADSbox genes have experienced a higher rate of evolution (or faster birth-and-death) compared with Type II genes in angiosperms, but the detailed features of this mode of evolution still remain unclear [19] . In this respect, by utilizing bioinformatic tools, van Dijk et al. [20] identified conserved putative interaction motifs among MADS-box orthologs, providing evidence that gain/loss function mutations in these hypothetical motifs can lead to their sub-or neo-functionalization. It should be noted that protein interactions mediate a wide range of cellular responses to biological and/or environmental factors by binding of a domain in one protein to short regions or 'Linear Motifs' (LMs) in another. The key feature of these LMs is their small size, usually 3-10 residues long with only two or three that mediate transient interactions such as ligand docking and basal transcription apparatus assembly [9, 21] . Both in silico and experimental evidence support that LMs are located within longer intrinsically disordered protein regions and probably mediate their folding [22] . Recently, LMs have attracted considerable attention due to the functional plasticity that these elements confers to the proteins, and it has been shown that intrinsic disorder may contribute to such plasticity, as it enables multiple protein interactions [22, 23] . Because of their small size and lax sequence specificity, new functional LMs appear and disappear much more easily than domains and structural motifs [24] , being therefore much less conserved than domains, even though the same kinds of motifs are utilized in diverse species [9] .
Transcriptional regulators can interact by PPIs with evolutionarily conserved epigenetic factors, and these interactions also can mediate environmental responses. Sarnowska et al. [25] showed that DELLA proteins interact with the ancient Switch (SWI)/Sucrose non-fermenting (SNF) Chromatin Remodeling epigenetic Complex (CRC) family (conserved in bacteria and eukaryotes), which is involved in regulation of transcription, DNA replication and repair and cell cycle. Mutations affecting the Arabidopsis SWI/SNF subunits trigger notable modifications in development and responses to environmental stresses, and inactivation of swi3c, the core component of SWI/SNF, inhibits DELLA-dependent transcriptional activation of GIBBERELLIN INSENSITIVE DWARF1 (GID1) gibberellin (GA) receptor genes, causing GA-related growth and developmental defects. In this regard, LM-analogous regions referred to as Molecular Recognition Features (MoRFs) have been identified within the DELLA N-terminal domain, which might mediate its folding upon interaction with the liganded GA receptor (GID1/GA) [22, 26] . As their name suggests, MoRFs are short sequence patterns that are involved in molecular recognition, which serves as the initial step for PPIs, whereas LMs are also important elements in the establishment of protein interaction networks, thereby playing crucial roles in cell regulation and signaling pathways. Fuxreiter et al. [27] established a connection between LMs and MoRFs of intrinsically disordered regions, by a non-conventional mode of partner binding found in regulatory proteins. Similar to LMs, MoRFs are also found within disordered regions and adopt a well-defined structure upon binding [22, 28] .
Motif phosphorylation and their effects on protein interactions
Protein phosphorylation is one of the most important posttranslational modifications in eukaryotic organisms, thereby affecting diverse cellular processes, including differentiation, contact inhibition, cell cycle and immune response [29] . This posttranslational modification produces conformational changes that affect the functioning of many receptors and enzymes by phosphorylation/dephosphorylation at multiple sites, especially serine, threonine, tyrosine and histidine residues. Phosphorylation is a ubiquitous mechanism for modulating protein activity and PPIs [30] , and also the functionality of LMs, depending on their phosphorylation status [31] . Iakoucheva et al. [23] have suggested that phosphorylation of serine/threonine residues predominantly occurs in intrinsically disordered regions, altering PPIs and consequently also MoRF/LM functions, by modifying protein-binding sites. In this regard, a wide range of plant proteins involved in responses to external stimuli are phosphorylated in disordered segments [22, 23] , and evidence supports that both SLN1 (barley) and RLG2 (Arabidopsis) DELLA proteins are regulated by phosphorylation, controlling thus the GA signaling pathway [32, 33] . Phosphorylation of MoRFs and LMs appears to play a central role in modulating cellular signaling pathways. For example, the C-terminal binding domain of the well-known p53 tumor suppressor protein contains a MoRF interacting with the CDK2/cyclin A complex, which facilitates their phosphorylation and thereby activation of p53 [34, 35] . The C-terminal p53 region is known to interact with multiple factors, being an example of functional richness from a single MoRF [35] . Moreover, it has been suggested that animal HOX master transcriptional regulators often contain conserved LMs, which might regulate their activity by phosphorylation [36] . Interestingly, HOX genes have been shown to share molecular (and functional) similarities with MADS-box family [37] . Over the past years, the need to determine the effects of motif phosphorylation has pushed the creation of Phospho.ELM (http:// phospho.elm.eu.org/) [31] , a resource from the Eukaryotic Linear Motif (ELM) Database. ELM provides up-to-date information on eukaryotic LMs at the same time that Phospho.ELM allows to identify phosphorylation sites, a prerequisite in order to evaluate the largely unexplored functions of these protein regions. In Figure 1 , a hypothetical model is proposed in order to understand how phosphorylation level of transcriptional regulators, such as DELLA proteins for example, might be involved in the control of plant developmental pathways.
Protein phosphorylation is coordinated by the actions of protein kinases (PKs) and phosphatases (PPs) that catalyze and remove post-translational modifications, respectively, and must be precisely regulated in normal physiological processes [29] . Alteration in the expression or function of both PKs and PPs could, therefore, lead to differential expression. Although this lack of control is known to produce a deregulation of tightly regulated pathways, resulting in abnormal cell growth pathologies such as carcinogenesis (animals) or seed abortion (plants), the overexpression mechanism itself might be beneficial for those pathways that are positively related to important agronomic traits. For example, overexpression of the wheat DELLA Reduced Height 1 (RHT1) master regulator was correlated to the higher yields of cultivars released during the Green Revolution [38] . At this point, it is important to note that overexpression of RHT1 has been linked with N-terminal truncation [39, 40] , which is a region that, as mentioned before, contains several MoRFs. Like the case of the RHT1 N-terminal region, further studies are needed in order to elucidate more thoroughly how phosphorylation status at LM/MoRF sites can affect the function of transcriptional regulators, which also will allow to pinpoint the consequences of the overexpression of this master regulator during plant development.
Conclusions and insights
Protein interaction is a fundamental regulatory mechanism that plants use to respond to the environment, providing a new, yet unexplored, approach for molecular breeders. The plasticity exhibited by PPIs might be associated to the presence of LMs and MoRFs, suggesting that these short protein regions should be able to address gene expression pathways in the function of environmental factors. Further, new insights into the function of transcriptional regulators have come from PPIs modulated by phosphorylation at LM/MoRF sites. Considering that LMs and MoRFs are found in intrinsically disordered regions, this plasticity would be found to associate with architecture (and dosage) of transcriptional factors. However, and despite many master regulators being identified and characterized from diverse species, still little is known about how they are structurally and functionally arranged further than those domains which are classified. The advent of new techniques for genome editing (such as CRISPR-Cas system) offers a unique opportunity to study protein motifs as well as the phosphorylation status of disordered regions, as gene-editing methodologies can be applied to modify 'a la carte' the Open Reading Frame (ORF) of targeted factors. A more complete understanding of how they are involved in the construction of PPIs networks will allow subsequent manipulation of the functional variability hidden behind MoRFs/LMs' plasticity in order to generate new breeding strategies, being therefore an issue particularly useful for crop improvement.
Key Points
• Protein interactions are critical for plant development.
• Phenotype plasticity would be associated to expression levels of master transcriptional factors.
• Protein motif interactions provide an unexplored mechanism for molecular crop improvement programs. 
